The transcription factor Stat3 (signal transducer and activator of transcription 3) mediates many physiological processes, including embryogenesis, stem cell self-renewal, and postnatal survival. In response to gp130 receptor activation, Stat3 becomes phosphorylated by the receptor-associated Janus kinase, forms dimers, and enters the nucleus where it binds to Stat3 target genes and regulates their expression. In this report, we demonstrate that Stat3 binds directly to the promoters and regulates the expression of three genes that are essential for cardiac differentiation: Tbx5, Nkx2.5, and GATA4. We further demonstrate that Tbx5, Nkx2.5, and GATA4 expression is dependent on Stat3 in response to ligand treatment and during ligand-independent differentiation of P19CL6 cells into cardiomyocytes. Finally, we show that Stat3 is necessary for the differentiation of P19CL6 cells into beating cardiomyocytes. All together, these results demonstrate that Stat3 is required for the differentiation of cardiomyocytes through direct transcriptional regulation of Tbx5, Nkx2.5, and GATA4.
The transcription factor Stat3 (signal transducer and activator of transcription 3) mediates many physiological processes, including embryogenesis, stem cell self-renewal, and postnatal survival. In response to gp130 receptor activation, Stat3 becomes phosphorylated by the receptor-associated Janus kinase, forms dimers, and enters the nucleus where it binds to Stat3 target genes and regulates their expression. In this report, we demonstrate that Stat3 binds directly to the promoters and regulates the expression of three genes that are essential for cardiac differentiation: Tbx5, Nkx2.5, and GATA4. We further demonstrate that Tbx5, Nkx2.5, and GATA4 expression is dependent on Stat3 in response to ligand treatment and during ligand-independent differentiation of P19CL6 cells into cardiomyocytes. Finally, we show that Stat3 is necessary for the differentiation of P19CL6 cells into beating cardiomyocytes. All together, these results demonstrate that Stat3 is required for the differentiation of cardiomyocytes through direct transcriptional regulation of Tbx5, Nkx2.5, and GATA4.
The signal transducer and activator of transcription (STAT) 2 proteins are a family of transcriptional regulators that mediate a wide range of biological functions primarily in response to extracellular signaling molecules such as cytokines and growth factors (1) (2) (3) (4) . Upon ligand binding to receptors, receptor-associated Janus kinases become activated and phosphorylate tyrosine residues on the intracellular tail of the receptor, which function as docking sites for STAT molecules. The receptorbound STAT proteins are subsequently phosphorylated on a single tyrosine residue, translocate into the nucleus as dimers, and bind to specific DNA sequences in promoters of their target genes for transcription regulation (2, 3, 5) .
Stat3 is one member of the STAT family that is activated in response to cytokines that bind the gp130 receptor chain including interleukin-6, leukemia inhibitory factor (LIF), and oncostatin M (6, 7) . In response to gp130 receptor activation, Stat3 becomes phosphorylated on Tyr-705 to form dimers that enter the nucleus to regulate transcription of Stat3 target genes (8, 9) . Stat3 regulates transcription by recruiting other transcription factors and co-activators to form enhancersomes at the promoters of Stat3 target genes (10, 11) . Stat3 is involved in many physiological and pathological processes, including embryogenesis, lymphocyte growth, postnatal survival, oncogenesis, tumor metastasis, and LIF-mediated self-renewal of murine embryonic stem cells (12) (13) (14) (15) (16) (17) . In addition to these processes, Stat3 has been shown to play a role in cardiac cell differentiation and development. Both Stat3 and JAK2 are involved in the differentiation of mouse embryonic stem cells into beating embryoid bodies and cardiomyocytes (18, 19) .
These observations strongly support a role for Stat3 in cardiac differentiation and development. However, it is unclear how Stat3 mediates these effects during the process of cardiac differentiation. One approach to address this issue is through analysis of Stat3 target gene regulation during cardiac differentiation. We have previously reported the utilization of a genome-wide ChIP assay to identify potential Stat3 target genes (20) . Among these Stat3 target genes, we identified three genes that are cardiac differentiation markers: Tbx5, Nkx2.5, and GATA4 (18, 21, 22) . These genes are required for cardiac differentiation and development, and mutations in any one of the three genes can lead to congenital heart malformation (23) (24) (25) (26) (27) (28) (29) . Tbx5 and Nkx2.5 interact to promote cardiomyocyte differentiation through regulation of the cardiac-specific natriuretic peptide precursor type A (Nppa) gene (30) . Both Tbx5 and Nkx2.5 interact with GATA4 (31, 32) . Also, overexpression of Tbx5 caused P19CL6 cells to express cardiac differentiation specific genes and beat early (30) . Studies with P19CL6 cells also showed that RNAi-mediated knockdown of Nkx2.5 prevented efficient differentiation into beating cardiomyocytes (33) . Overexpression of GATA4 in P19 cells enhances cardiac differentiation whereas inhibition of GATA4 blocks cardiac differentiation (34, 35) . Moreover, as mouse embryonic stem cells differentiate into cardiomyocytes, there is an increase in cardiac differentiation markers including Nkx2.5, Tbx5, and GATA4; and inhibition of the Janus kinase/ STAT3 pathway blocks their expression (18) . However, it has not been shown how activated Stat3 regulates their expression during differentiation.
In this report, we set out to test the hypothesis that Stat3 directly regulates the expression of Nkx2.5, Tbx5, and GATA4 and is necessary for cardiomyocyte differentiation. We first demonstrate that Stat3 is phosphorylated in response to LIF treatment of P19CL6 cells, and activated Stat3 binds directly to the promoters of Tbx5, Nkx2.5, and GATA4 to induce their expression. Furthermore, Stat3 becomes phosphorylated when cells are cultured in differentiation medium independent of exogenous ligand treatment, and there is an increase in transcriptional expression of Tbx5, Nkx2.5, GATA4, and other cardiac differentiation markers. Using an RNAi knockdown approach in both ligand-induced and ligand-independent differentiation conditions, we show that Tbx5, Nkx2.5, and GATA4 expression is Stat3-dependent. Finally, we show that RNAi-mediated Stat3 knockdown decreases the number of beating regions when P19CL6 cells are cultured in differentiation conditions. Together, these results demonstrate that Stat3 is required for the differentiation of cardiomyocytes through direct transcriptional regulation of the expression of Tbx5, Nkx2.5, and GATA4.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-P19CL6 cells were obtained from Dr. Richard Kitsis (Albert Einstein College of Medicine, Bronx, NY). Cells were cultured in growth conditions as described previously (36) in ␣-minimal essential medium (Invitrogen) supplemented with 10% fetal bovine serum, 100 g/ml streptomycin, and 100 units/ml penicillin. For differentiation conditions, growth medium was supplemented with 1% dimethyl sulfoxide. The antibodies used for Western analysis were antiphosphotyrosine Stat3 (Cell Signaling Technology) and antiStat3 (BD Transduction Laboratories). Transfections were performed using Lipofectamine 2000 (Invitrogen) with the plasmid RcCMV (pCMV) from Invitrogen or RcCMV expressing wild-type Stat3 (pCMV-STAT3) which was constructed previously (37) . The Stat3 antibody used for ChIP analysis was from Santa Cruz Biotechnology. Recombinant mouse LIF was from Chemicon International. An Nkx2.5 antibody was from Santa Cruz Biotechnology, anti-LIF was from Millipore, and anti-Tbx5 was provided by Dr. Craig T. Basson (Weill Cornell Medical College, New York, NY).
ChIP Analysis-ChIP analysis was performed as described previously (20, 37, 38) . P19CL6 cells were cultured in growth medium and treated with 10 ng/ml LIF, and immunoprecipitations were performed with 2.5 g of Stat3 antibody. Primers were designed against the mouse Tbx5, Nkx2.5, and GATA4 promoter regions. Primers for Tbx5 were 5Ј-GAAGCATTTT-CTATACTTTGTGAGCA-3Ј and 5Ј-TCAGCCAGCTGTTT-TCAGAG-3Ј; primers for GATA4 were 5Ј-ACTCCCTTAGG-CCAGTCAGC-3Ј and 5ЈGGAAAAGAGCAGGGACTCG3Ј; and primers for Nkx2.5 were 5Ј-AGGCAAAGAAATCACTC-CACA-3Ј and 5Ј-TGTTACAATGGCTGGGAAGG-3Ј.
Quantitative Real Time Reverse Transcription (RT)-PCR-P19CL6 cells were cultured in growth conditions in 6-well plates to 80 -90% confluence. Cells were then treated for the indicated times with 10 ng/ml LIF. For differentiation conditions, cells were cultured for the indicated time points. RNA was extracted using the TRIzol method (Invitrogen). RNA was reverse-transcribed using either Superscript II reverse transcriptase (Invitrogen) or qScript cDNA SuperMix (Quanta Biosciences). Quantitative real-time PCR was performed using either the SYBR Green Core PCR Reagent kit (Applied Biosciences) or PerfeCTa SYBR Green FastMix, ROX (Quanta Biosciences). RT-PCR primers were as follows: Tbx5, 5Ј-TGACT-GGCCTTAATCCCAAA-3Ј and 5Ј-ACAAGTTGTCGCATC-CAGTG-3Ј; Nkx2.5, 5Ј-GACAGGTACCGCTGTTGCTT-3Ј and 5Ј-AGCCTACGGTGACCCTGAC-3Ј; GATA4, 5Ј-CGA-GGGTGAGCCTGTATGTAA-3Ј and 5Ј-GCTAGTGGCATT-GCTGGAGT-3Ј; ␣-MHC, 5Ј-CAAGACTGTCCGGAATG-ACA-3Ј and 5Ј-GGCTTCTTGTTGGACAGGAT-3Ј; GAPDH, 5Ј-ACGACCCCTTCATTGACC-3Ј and 5Ј-AGACACCAG-TAGACTCCACG-3Ј.
Stat3 siRNAs-Two sets of Stat3 siRNAs targeting two different regions of Stat3 were obtained from Qiagen (catalogue numbers SI01435294 and SI01435287) and described previously (20) . A negative control siRNA (catalogue number 1022563) was also obtained from Qiagen. P19CL6 cells were cultured in either growth or differentiation conditions to a density of ϳ1 ϫ 10 5 cells. Cells were transfected with the siRNAs using HiPerFect transfection reagent (Qiagen).
Western Blot Analysis-Whole cell lysates were separated by SDS-PAGE and blotted with the indicated antibodies followed by chemiluminescence (PerkinElmer Life Sciences).
Quantification of Beating Regions during Cardiomyocyte Differentiation-P19CL6 cells were cultured in differentiation medium in 6-well dishes. Beating regions were observed by day 12 and counted microscopically using a grid for orientation. For each day, beating regions were counted at least three separate times to calculate the average number of beating regions and standard deviations.
RESULTS

Stat3 Binds to the Promoters of Nkx2.5, Tbx5, and GATA4 in
Response to LIF-We had previously identified Tbx5, Nkx2.5, and GATA4 as potential Stat3 target genes using a genomewide ChIP screen (20) . To show that these genes are specifically and directly regulated by Stat3 during cardiac differentiation, we performed gene-specific ChIP analysis using P19CL6 cells. P19CL6 cells proliferate in growth medium and differentiate into beating cardiomyocytes in growth medium supplemented with 1% dimethyl sulfoxide, thus providing an excellent model system for the study of transcriptional regulation during cardiac development (36) .
P19CL6 cells were cultured in growth medium and treated with LIF, a ligand that rapidly induces Stat3 phosphorylation. Treatment with LIF caused Stat3 to become phosphorylated, whereas there was no detectable phosphorylated Stat3 in untreated cells (Fig. 1A) . Stat3 is rapidly activated by LIF within 15 min, and this activation is transient and starts to decrease after 30 min in P19CL6 cells (data not shown). This result is similar to previous work demonstrating rapid phosphorylation of STAT molecules (39) . Gene-specific ChIP assays were then utilized to determine whether Stat3 binds to the promoters of Nkx2.5, Tbx5, and GATA4 in response to LIF. Cells were treated with LIF, and ChIP analysis was performed with Stat3 antibodies and primers designed to amplify potential Stat3 binding sites in the gene promoters (Fig. 1, B and C) . Stat3 was bound to the Nkx2.5 promoter in untreated cells, and there was a slight increase in bound Stat3 following treatment (Fig. 1, B  and C) . There was a 2-fold increase in Stat3 bound to the Tbx5 promoter in response to LIF treatment compared with untreated cells (Fig. 1, B and C) . There was a 20-fold increase in the amount of Stat3 bound to the GATA4 promoter in response to LIF (Fig. 1, B and C) . These results show that Stat3 binds directly to the promoters of these genes, constitutively for Nkx2.5 and inducibly for Tbx5 and GATA4, in response to LIF treatment in P19CL6 cells.
LIF Induces the Expression of Nkx2.5, Tbx5, and GATA4 in P19CL6 Cells-To determine whether there is activation of the expression of Nkx2.5, Tbx5, and GATA4 in response to LIF treatment, we performed quantitative real time PCR analysis with P19CL6 cells (Fig. 2) . Cells were cultured in growth medium and treated with LIF for 1, 2, and 4 h. There was a 2-fold increase in Nkx2.5 expression peaking after 1 h of treatment with LIF (Fig. 2) . There was a slight increase in Tbx5 after 1 h of treatment followed by a 3-fold increase at 2 h (Fig. 2) . The expression of GATA4 increased 3-fold after 4 h of treatment (Fig. 2) . These results suggest that, in response to LIF treatment, the expression levels of Nkx2.5, Tbx5, and GATA4 mRNA were induced. These results are similar to that of other STAT target genes which often have different kinetics in transcription activation in response to cytokine treatment (37, 40 -42) . As a positive control for cardiac cell differentiation, the expression of the differentiation marker ␣-MHC was also analyzed. The mRNA level of this marker increased over time with LIF treatment (Fig. 2) . These results indicate that LIF treatment of P19CL6 cells induces expression of Tbx5, Nkx2.5, and GATA4.
LIF-mediated Induction of Nkx2.5, Tbx5, and GATA4 Is Dependent on Stat3-The results from these initial experiments suggested that in P19CL6 cells, Stat3 is activated by LIF treatment and binds to the Nkx2.5, Tbx5, and GATA4 promoters leading to the activation of these genes. To demonstrate that Stat3 is required for the activation of these genes in response to LIF, we utilized an RNAi technique to knock down Stat3 in these cells and analyze the expression of Nkx2.5, Tbx5, and GATA4.
Cells were cultured in growth medium and transfected with either a control siRNA or Stat3 siRNAs. Two sets of Stat3 siRNAs specifically targeting two different regions of Stat3 were described previously (20) . After 4 days, whole cell extracts were prepared, and Western blot analysis was performed with antibodies against total Stat3 or tubulin as a control. As shown in Fig. 3A , there was a significant reduction in Stat3 protein levels following transfection with either set of Stat3 siRNAs (set 1 or set 2) or both Stat3 siRNA sets combined (set 1ϩ set 2) compared with the control. RNA expression was analyzed with quantitative real time RT-PCR with cells treated with LIF for 1, 2, or 4 h. In cells transfected with control siRNA, the mRNA levels of Nkx2.5, Tbx5, GATA4, and the positive control differentiation marker ␣-MHC increased in response to LIF treatment (Fig. 3, B-E) . In contrast, in Stat3 knockdown cells, the expression of Tbx5 and Nkx2.5 was not induced by LIF, whereas GATA4 was only partially induced to ϳ40% of control cells. (Fig. 3, B-E ). These results demonstrate that, in growth conditions, the LIF-induced expression of Nkx2.5, Tbx5, and GATA4 is dependent on Stat3.
To demonstrate that the RNAi knockdown was specific for Stat3, we performed a rescue experiment to restore the levels of Stat3 protein in the Stat3 RNAi knockdown cells. Cells were transfected with either a control or combined Stat3 siRNAs as described in Fig. 3 and cultured for 3 days. Cells were then transfected with either the vector RcCMV (pCMV) or Stat3 expressed under the control of the CMV promoter (pCMV-STAT3) (37) and cultured for an additional 24 h. Western blot analysis demonstrated that cells transfected with Stat3 siRNAs and pCMV showed a decrease in Stat3 protein levels compared with control siRNA cells transfected with pCMV (Fig. 4A, lanes 1 and 2) . The Stat3 direct target genes Tbx5 and GATA4 were used as examples, and their expression decreased to background levels in cells transfected with Stat3 siRNAs and pCMV in response to LIF treatment (Fig. 4 , B and C). In contrast, transfection of pCMV-STAT3 restored the protein levels of Stat3 in the Stat3 knockdown cells to the level of Stat3 in control cells (Fig. 4A, lanes 3 and 4) because the residual Stat3 siRNA in cells 3 days after transfection was not effective in blocking the high level of Stat3 mRNA transcribed from the pCMV vector as described previously (43) . In these Stat3-restored cells, the expression of Tbx5 and Gata4 was induced by LIF to levels similar to that in control cells (Fig. 4 , B and C). These results demonstrate that the Stat3 siRNA oligonucleotides specifically knocked down Stat3 in P19CL6 cells. 
Stat3 Is Activated, and the Expression of Nkx2.5, Tbx5, and GATA4 Increases in Differentiation
Conditions-To determine further whether Stat3 is activated during the differentiation of P19CL6 cells to cardiomyocytes, cells were cultured in growth medium or differentiation medium for 1, 3, and 5 days. Western blot analyses performed with an antibody against phosphorylated Stat3 showed no detectable levels of phosphorylated Stat3 in cells cultured in growth or differentiation medium for 1 day (Fig. 5A, lanes 1 and 2) . However, there was an increase in phosphorylation of Stat3 on day 3 followed by a slight decrease by day 5 (Fig. 5A, lanes 3 and 4) . Total Stat3 increased at days 3 and 5 because of autoregulation of Stat3 expression by phosphorylated Stat3 (44) . To see whether there is an increase in Tbx5, Nkx2.5, and GATA4 mRNA levels after 3 days in differentiation conditions, quantitative real time RT-PCR was performed. The cardiac differentiation marker ␣-MHC was also analyzed as a control for differentiation culture conditions. There was an increase in the expression of all of these genes after 3 days of differentiation culture (Fig. 5, B-E) . These results indicate that, independent of exogenous ligand treatment, Stat3 is activated during differentiation of P19CL6 cells, and the expression of Stat3 target genes is increased.
Stat3 Is Necessary for Increased Expression of Nkx2.5, Tbx5, and GATA4 in Differentiation Conditions-To determine whether Stat3 is required for the increase of expression of these genes during differentiation, P19CL6 cells were transfected with control siRNA or Stat3 siRNA in growth medium. Four days after the first round of transfection, the cells were transfected with the respective siRNA again to maintain the knockdown of Stat3 (Fig. 6A) . The cells were then split, and half of them remained in growth medium, and half of them were transferred into differentiation medium. Three days after the second round of siRNA transfection, quantitative real time PCR analyses were performed. In differentiation medium, the mRNA levels of Nkx2.5, Tbx5, and GATA4 increased in cells transfected with control siRNA. In Stat3 knockdown cells, the expression of Nkx2.5 and Tbx5 could not be induced, whereas GATA4 was induced to ϳ50% of the level in control cells (Fig.  6B) . Five days after the second round of siRNA transfection, Western blot analyses were performed. Stat3 protein levels remained significantly decreased (Fig. 6C, lanes 3 and 4) . For cells cultured in growth medium, there was no detectable level of Nkx2.5 and Tbx5 (Fig. 6C, lanes 1 and 3) . When cells were cultured in differentiation medium, there was an induction of Nkx2.5 and Tbx5 proteins in cells transfected with control siRNA, but not in cells transfected with Stat3 siRNA (Fig. 6C,  compare lanes 2 and 4) . These results demonstrate that Stat3 is required for the full induction of Tbx5, Nkx2.5, and GATA4 when P19CL6 cells were cultured in differentiation conditions without exogenous ligand treatment.
LIF Expression Increases during Differentiation of P19CL6 Cells-To understand how Stat3 becomes activated in differentiation medium without exogenous ligand treatment, we tested whether P19CL6 cells produce LIF when cultured in differentiation medium. Real time RT-PCR analyses showed that LIF mRNA levels increased when cells were transferred into differentiation medium (Fig. 7A) . Western blot analyses of whole cell extracts showed that the protein level of LIF also increased when cells were cultured in differentiation medium (Fig. 7B,  lanes 3 and 4) . Furthermore, Western blot analysis was performed on the medium from cells cultured in growth medium or differentiation medium for 3 days. Secreted LIF protein was detected in the medium of cells cultured in differentiation medium for 3 days (Fig. 7C, lane 2) . There was no detectable LIF protein in the medium of cells cultured in growth medium (Fig.  7C, lane 1) . These results suggest that LIF expression increases in P19CL6 cells cultured in differentiation medium, which leads to Stat3 activation. FIGURE 6. Stat3 is required for the expression of Tbx5, Nkx2.5, and GATA4 in P19CL6 cells in differentiation conditions. P19CL6 cells were cultured in growth medium (GM) and transfected with either control or Stat3 siRNA sets 1 and 2 combined for 4 days. Cells were further transfected with the respective siRNA and cultured in either growth medium or differentiation medium (DM). A and B, 3 days after the second round of transfection, the cells were analyzed by Western blot analysis with antibodies against total Stat3 or actin (A) and real time RT-PCR analyses of Stat3, Tbx5, Nkx2.5, and ␣-MHC mRNA levels (B). C, 5 days after the second round of transfection, Western blot analyses were performed with antibodies against total Stat3, Tbx5, Nkx2.5, or actin as a loading control. Error bars, S.D.
Stat3 Is Required for Differentiation of P19CL6 Cells into
Cardiomyocytes-Nkx2.5, Tbx5, and GATA4 have previously been shown to promote cardiac differentiation and development (30, 35) . RNAi-mediated knockdown of Nkx2.5 caused a decrease in beating efficiency of P19CL6 cells during cardiomyocyte differentiation, suggesting that Nkx2.5 is required for differentiation (33) . To determine whether Stat3 plays a direct physiological role in the process of P19CL6 differentiation into beating cardiomyocytes, P19CL6 cells were transfected with Stat3 or control siRNAs in growth medium. Four days after the initial round of siRNA transfection, Stat3 was significantly knocked down (Fig. 3) . The cells were transferred to differentiation medium and were further transfected with the respective siRNA every 4 days until day 12 in differentiation medium. Stat3 knockdown was maintained throughout the course of differentiation procedure until day 16 (Fig.  8A ). Because these experiments utilize transfected Stat3 siRNA oligonucleotides, the Stat3 knockdown is transient. Stat3 protein levels began to increase back to normal levels on day 18 (Fig. 8A, lanes 7 and 8) . The transient Stat3 RNAi knockdown therefore provides an internal "rescue" experiment when the Stat3 protein returns to normal levels in the same cells. Starting from day 11, the cultured cells were examined daily under microscope, and the number of beating regions were counted. The number of beating regions was significantly lower in Stat3 knockdown cells compared with that in the cells transfected with control siRNA (Fig. 8B) . However, once Stat3 proteins became normal after Stat3 siRNA transfection was stopped, the number of beating regions in these same cells began to increase (Fig. 8B) . The cells were growing normally in both control and Stat3 siRNA-transfected samples (data not shown). These results strongly demonstrate that Stat3 is required for the differentiation of P19CL6 cells into cardiomyocytes.
DISCUSSION
It has been suggested previously that Stat3 plays an important role during differentiation of mouse embryonic stem cells into beating cardiomyocytes (18, 19) . However, it was not known how Stat3 is involved in the process of cardiac differentiation. In a genome-wide ChIP screen designed to identify potential direct Stat3 target genes (20) , we identified three cardiac differentiation markers, Nkx2.5, Tbx5, and GATA4, suggesting that Stat3 directly regulates the expression of these genes critical for cardiomyocyte differentiation. In this report, we demonstrate that Tbx5, Nkx2.5, and GATA4 are direct target genes of Stat3, and activated Stat3 increases expression of these genes ( Figs. 1 and 2) . Furthermore, we showed that Stat3 is required for the expression of these genes during cardiomyocyte differentiation (Fig. 3) . Tbx5 and Nkx2.5 interact with each other, and they genetically and physically interact with GATA4 to activate genes necessary for cardiac differentiation (30 -32, 45) . Therefore, it is likely that Stat3 is at the upstream of the differentiation cascade by controlling the expression of a group of genes essential for cardiac muscle differentiation.
It is interesting that our ChIP results suggest that some levels of Stat3 are bound to the Nkx2.5 and Tbx5 promoters in untreated P19CL6 cells (Fig. 1) . This level of bound Stat3 increases following LIF treatment. Stat3 has been shown to shuttle between the cytoplasm and nucleus regardless of tyrosine phosphorylation, and several reports showed a role for unphosphorylated Stat3 in transcription including recruitment of Stat3 to promoters through interactions with NFB (46 -49) . Our laboratory has also observed Stat3 bound to promoters in the absence of tyrosine phosphorylation (20) . Unphosphorylated Stat3 bound to these promoters could partially clear the promoter and in this case could explain the more rapid induc- FIGURE 7 . LIF expression increases during cardiac differentiation. A, P19CL6 cells were cultured in growth medium (GM) or differentiation medium (DM) for 1, 2, or 3 days. RNA was extracted using the TRIzol method, and quantitative real time RT-PCR analyses were performed for LIF expression. Results were standardized to GAPDH levels with the value for growth medium set at 1. Results represent the average Ϯ S.D. (error bars) of three independent experiments. B, cells were cultured as described in A, and whole cell extracts were prepared. Western blot analyses were performed with antibodies against tubulin and LIF. C, cells were cultured in growth medium or differentiation medium for 3 days. A total of 200 l of medium from each set of cells was subjected to Western blot analyses and blotted with an antibody to LIF. tion of Nkx2.5 transcription (Fig. 2A) . In addition, Nkx2.5 has been shown to bind to the promoter of GATA4 and is partially necessary for its expression (50) . Therefore, it is likely that Stat3 first induces the expression of Nkx2.5 and then together with Nkx2.5 induces the expression of GATA4. Hence, the expression of Nkx2.5 peaks at 1 h whereas GATA4 expression continues to increase after 4 h due to the presence of Nkx2.5 (Fig. 2) . This could also explain why GATA4 expression is only partially dependent on Stat3 (Figs. 3 and 6 ).
Stat3 becomes activated in P19CL6 cells cultured in differentiation medium without the addition of exogenous ligand (Fig.  5A) . Because LIF has been suggested to contribute to cardiac differentiation (19) , we analyzed the expression of LIF in differentiation culture conditions. These experiments demonstrated that LIF expression is induced and secreted into the medium when P19CL6 cells were cultured in differentiation medium.
Stat3 has been shown to function in a number of biological processes. Often, Stat3 function is associated with the processes of proliferation and oncogenesis rather than differentiation. Stat3 activation inhibits differentiation and promotes proliferation during skeletal muscle development (20, (51) (52) (53) . In contrast to this observation, results from this report along with those of others (18, 19) suggest that Stat3 promotes differentiation in cardiac cells. These observations suggest that Stat3 might be a key regulator in both cardiac and skeletal muscle development through transcriptional regulation of its target genes. It is important to note that cardiac cells continue to proliferate during differentiation. This is in contrast to skeletal muscle cells that exit the cell cycle and cease proliferation during differentiation (54) . We have shown in this work that Stat3 regulates expression of GATA4, Tbx5, and Nkx2.5, three genes that function in cardiac differentiation (33) . Our data and others suggest a role for Stat3 during the process of cardiac differentiation (18, 19) . Although we did not observe an obvious effect of Stat3 knockdown on cell growth in differentiation conditions, we cannot rule out the possibility that Stat3 could have a separate function in cardiac cell proliferation. Further analyses of more Stat3 target genes should lead to a greater understanding of the mechanisms governing both skeletal and cardiac muscle proliferation and differentiation.
